Stoichiometric hydroxyapatite (Ca 10 (PO) 6 (OH) 2 , HAP) foams have been produced. The porous parts were prepared from a calcined HAP powder and egg white as a bio and non-toxic pore promoter. The colloidal slurry was prepared, poured into cylindrical molds, dried, unmolded, and sintered at 1200°C. The effects of the concentration of the solid loading, of the dispersing agent, and the foaming agent on the ceramic preparation were examined. X-ray diffraction (XRD) and Fourier transform infrared (FTIR) were used to evaluate the composition and the structure of the sintered HAP ceramics. Scanning electron microscopy (SEM) was used for microstructural analysis. The XRD analysis of the porous parts, prepared under optimized conditions, showed the presence of crystallized HAP (JCPDS 9-432) as a single phase. SEM images showed existence of open and interconnected micro and macropores in the ceramics. The use of the egg white protein as pore former provides a total porosity of 86 vol% and a foam-structure that allows to a microporous wall.
Introduction
An increasing number of applications that require porous ceramics with 3D porosity network have appeared in the last decades, especially for environments where high temperatures, extensive wear, and corrosive media are involved. Such applications include for example the filtration of molten metals, high-temperature thermal insulation, support for catalytic reactions, filtration of particulates from diesel engine exhaust gases, and filtration of hot corrosive gases in various industrial processes that required the presences of pores and especially interconnected pores [1, 2] . Macroporous materials are used in various forms and compositions, including for polymer foams for packaging, lightweight aluminum structures in buildings and planes, as well as porous ceramics for the purification of water.
In tissue engineering, the porous structure provides the basis for new tissue formation, migration, and cell proliferation that cannot be favored by their equivalents in a dense form [3, 4] . For bone growth, interconnected pores larger than 100 μm in the diameter are required to guarantee the supply and the circulation of the necessary nutrients [5] .
Instead of powder form, using those materials as foams in waste water treatment had a more advantage, the presence of interconnected pores in the material ensures better adsorption efficiency of the matter, particularly in the meso-and nanopores, while the macropores allow the flow of fluids through the ceramic body and also Increase the residence time of the matter inside the materials.
For this aim, different materials were used as precursor to produce the ceramics foams such as alumina [6] , zirconia [7] , titania [8] , activated carbon [9] , and calcium phosphate [10] .
Calcium phosphate or especially hydroxyapatite (Ca 10 (PO) 6 (OH) 2 : HAP) has a similar crystalline structure of the biological apatite that can be found in hard tissue of human beings and animals [11, 12] . Their biocompatibility with the human body and their good osteoconductivity has been widely exploited in orthopedics and dentistry [13, 14] .
It is generally agreed that it is very difficult to create porosity inside hydroxyapatite using either the solid routes or the wet ones. The use of solid routes is very suitable for shaping using a uniaxial or isostatic press followed by a thermal treatment and blowing agents like sucrose, naphthalene, and polyethylene glycol [15] [16] [17] [18] [19] . With this method, the size and the morphology of the macrospores are very close to the size and morphology of the blowing agent used, and their density is modulated by the amount of the used porogen. Nevertheless, using those methods has revealed their limitations particularly in the case of the porous microstructure; they lead to an uncontrolled porosity and lower interconnection between the macrospores [15] . Another limitation using those methods is the bad compaction ability of hydroxyapatite powder [20, 21] .
In the research for the better ways of porous ceramics elaboration, some other techniques have been developed such as replica [22, 23] , sacrificial template [24, 25] , and direct foaming methods [26, 27] . The use of the foaming method had success in producing a porous ceramic with a porosity volume around 80 vol%, in which the structure of the pores was characterized by spherical interconnected cells [28, 29] . However, the vast majority of this processes use solvents and templates, and among other additives, which should be removed prior the use of the resulting materials. This removal could be accomplished by a calcination process in which the materials should be consolidated near the sintering conditions, generally between 1300 and 1500°C to increase their mechanical strength. The consolidation of the resulting structure from the suspended state to a rigid lattice is, in fact, the most critical step using the foaming methods, which need the use of a consolidator agent to avoid the collapsing of the resulting structure. Using the direct foaming method, the egg white, which makes the foaming easy, was chosen as a bio-pore promoter. However, in literature, some works used egg white as a pore former with which they reached a high level of porosity while the degree of interconnection was lower and the walls between the pores were too dense [30] .
The work concentrates on the preparation of an interconnected porous hydroxyapatite ceramic with good mechanical texture integrity at relatively low temperatures. The egg white was used as a non-toxic pore promoter and mixed with thermally treated hydroxyapatite that has chemical and crystalline structure stability. To provide a better control of the material's microstructures the foam stability, the effects of the concentration of the solid loading and the foaming agent on the final porosity were examined. The montmorillonite-clay was used as a reinforcing agent during the consolidation process to avoid collapsing of the porous structure.
Materials and methods

Preparation of hydroxyapatite powder
The stoichiometric hydroxyapatite used as a precursor was synthesized by a neutralization of a lime suspension by a phosphoric acid solution. Firstly, 100 g of CaCO 3 (Skora, analytical grade) was heated at 900°C during 12 h. The obtained CaO powder was hydrated with double distilled water to produce Ca(OH) 2 (0.6 mol/l). The orthophosphoric acid solution (1 mol/l) (Merck: analytical grade) was added into Ca(OH) 2 suspension using an automatic titration (100 ml/min) and vigorous stirring (500 rpm). The Ca/P molar ratio of the reagents was fixed at 1.660 (molar ratio of the stoichiometric hydroxyapatite is 1.667). The mixing was carried out at 22°C and at precipitation pH of 7.5. The resulting precipitate was aged for 12 h, decanted, and then filtered and dried at 105°C for 12 h. The powder was then calcined at 900°C for 3 h and milled using alumina balls (6.5 mm diameter with ratio powder/balls of 1:3).
Preparation of hydroxyapatite slurry
The used technique, for fabrication of the porous ceramics, initially involves the preparation of aqueous slurry from a mixture of calcined hydroxyapatite powder, dispersing agent, reinforcing agent, and a biologic foaming agent.
The polyvinyl-alcohol PVA, (Merck KGaA, 64271 Darmstadt Germany) used as a dispersant and was firstly added with different weight concentration based on the hydroxyapatite powder in 20 ml of double-distilled water. The montmorillonite-clay (Cloisite ® Na+) with a concentration of 1 wt%, relative to HAP powder, was added as a reinforcing agent. The mixture was heated to 60°C and stirred for 4 h. The HAP powder was added to the mixture using weight fractions from 40 to 70 wt% relative to the slurry weight. The egg white was then added, adopting a weight fraction from 10 to 40 wt% relative to HAP powder. The mixture was stirred for 4 h in order to incorporate the air bubbles into the slurry and to begin the foaming process.
Preparation of porous parts
The prepared mixture was poured into a cylindrical silicone mold (3 cm in diameter and 0.5 cm in thickness) and dried firstly at 80°C for 1 h and then at 105°C for 24 h to eliminate the surface water and initialize the egg white consolidation. The cylindrical parts were extracted from the mold, and their densities were determined by geometric measurement.
Thermal treatment
The molded samples were heated in the furnace in air from the room temperature to 1200°C according to the following cycle: a heating rate of 0.5°C/min from room temperature to 600°C to eliminate the organic phase, a holding time of 1 h at this temperature followed by a heating with a rate of 5°C/min up to 1200°C, a holding time of 3 h, and finally cooling with a rate of 2°C/min back to the room temperature.
Characterization methods
The infrared spectra of the calcined powder and the sintered blocks were recorded on a Fourier Transform Spectrometer (SHIMADZU FTIR-8400S) with a resolution of 4 cm −1 .
Twenty scans were co-added and the range taken was from 400 to 4000 cm −1 . The formed crystalline phases were identified with the calcined powder using the X-ray diffraction (Diffractometer BRUKER D8 ADVANCED). Copper Kα radiation (λ = 1.5406 nm) produced at 50 kVand 20 mA scanned the diffraction angles 2θ in the range 5-60°, using a step size of 0.02°and a step time of 30 s. Crystallographic identification was accomplished by comparing the experimental XRD patterns to standards compiled by the joint committee on powder diffraction standards (JCPDS), which was card #09-0432 for HAP. The viscosity of the slurries was determined by using a viscometer (Brookfield DVI ± extra) while changing the temperature from 25 to 90°C in the share rate ranging from 0 to 700 s −1 . The microstructure of the slurry and the egg white foam was characterized by a numeric microscope Leica MZ FLII. The porosity volume of the prepared parts was calculated using the following equation:
where 3.16 g/cm 3 is the theoretical density of hydroxyapatite. The apparent density (d app ) was measured based on the weight and the dimensions of the solid blocks before and after calcination.
The Microstructural observations of the overall porous structures were performed on the surface and inside the solid blocks by using a scanning electron microscope (SEM) (Carl Zeiss EVO50 XPV + Röntec X-flash detector type 1106). The pore sizes were determined by SEM images using ImageJ software.
Results and discussion
Powder characterization
The FTIR results of HAP powder and sintered parts are given in Fig. 1 ed to the water adsorbed on the surface of the hydroxyapatite powder. The Infrared spectrum of the porous parts calcined at 1200°C shows a great thermal stability and no change in the composition was observed when the results were compared to the precursor powder. The XRD pattern of precursor HAP powder and porous blocks calcined at 1200°C is reported in Fig. 2 . The result shows a pure and well-characterized peak of stoichiometric HAP, which is indexed referred to JCPDS 9-432.
Characterization of the slurry
Looking for a compromise between slip viscosity and foam volume proprieties, the preparation of the slurries was done by varying the concentration of the calcined HAP powder from 40 to 70 wt%. An example of a microstructure of the solid blocks obtained using 70 wt% of solid loading did not show the homogeneous pore distribution as visualized in Fig. 3a .
Using a high solid loading made casting difficult, because a higher viscosity makes it difficult to disperse air bubbles homogeneously during the stirring of the egg white. This causes the collapse of the air bubbles or segregation of the bubbles in some areas in the slurry that have a weak share rate, which creates porosity only in a few zones in the solid blocks as it is seen in the SEM image (Fig. 3a) . This non-homogeneity results in a dense structure instead of highly porous network. This result is in accordance with the literature-using a higher solid loading has an effect on maximizing the molded density and minimizing the shrinkage during the firing process, which leads to a lower porosity of the finals solid blocks [30] . However, using a solid loading of 60 wt% allowed to an easy casting, characterized by fully porous structure with homogeneously distributed nearly spherical pores without any defects in the ceramic structure as illustrated in Fig. 3b . Below 60 wt% of solid loading, the slurry exhibited too low viscosity, which formed unstable foams. In this case, the slurry suffers from a rapid collapse of bubbles and weak structure of resulting ceramics.
To provide a better control of the dispersion of the bubbles and the stability of the slurry, the concentration of the PVAwas varied between 0 and 120 mg/g relative to the HAP powder and the viscosity was measured as an indicator for a good dispersion. Figure 4 illustrates the viscosity of the slurry prepared with 60 wt% of solid loading versus the dispersant concentration. The result shows that for a concentration of 10 mg/ g, the slurries present a high value of viscosity (36 Pas s) which was not optimal for casting. However, an amount of 50 mg/g of dispersant allowed a minimum viscosity of 12 Pas s, while above this level, a significant increase in viscosity took place. From this result, the optimum of slurry viscosity was obtained with 50 mg/g of PVA using 60 wt% as solid loading of hydroxyapatite powder.
To generate the porosity inside the ceramic matrix, the egg white was added, and its concentration was varied from 0 to 40 wt% while the viscosity was measured as an indicator of the dispersion state of the slurries. From Fig. 5 , it could be seen that when increasing the amount of the egg white, the viscosity of slurry decreases significantly from 12 to 1 Pas s. An increase of the share rate shows a decrease in the viscosity even if the amount of white egg was high. This is because the egg white contains the albumin protein that plays a role of an organic deflocculant, which once is strongly stirred, forms a very thin films that turn around the hydroxyapatite particles and separate them.
Using 40 wt% of egg white contributes not only to the incorporation of the air bubbles in the slurry but also to an increase in the fluidity of the slurries which make the molding easier. However, even with a viscosity of 1 Pas s using 40 wt% To determine the gelation, point of the eggs white, the gelation behavior of the suspension was then examined with an increase in temperature from 25 to 90°C (Fig. 7) .
The result shows that the gelation behavior of the slurries increases with the temperature; however, the gelling point does not change significantly with increasing the protein amount from 0 to 40 wt%. This result is in accordance with the works of Ferrera [29] .
Characterization of porous ceramic solids
The porous ceramics were prepared under the following optimized conditions: colloidal slurry was made using 60 wt% of calcined HAP powder, 40 wt% of egg white, and 1 wt% of montmorillonite-clay relative to HAP powder. The heat treatment included a holding time at 600°C with 2°C/min and another one at 1200°C with 5°C/min.
The SEM images illustrate that this preparation method provides highly porous walls between the macrospores (Fig.8d) compared to other works reported using the same pore promoter [29] . As it showed in SEM images, the pores had a spherical shape and their sizes ranged from micro-to macrospores, which were interconnected to each other as seen in Fig. 8c .
The use of the clay component in the colloidal slurry provides an appropriate mechanical texture for the fired (calcined) solid blocks and reduces also the consolidation temperature. Hesaki and Zamani [31] have demonstrated that the use of clay has a great effect on the mechanical strength of the porous parts after and during the firing process. The montmorillonite-clay is a material that has a special property to form a thixotropic slurry with water [31] . Thanks to this superior plasticity, the hydroxyapatite parts made with montmorillonite demonstrated an appropriate mechanical strength without eroded particles compared to those prepared without montmorillonite as shown in Fig. 9 . The handling property of clay contributes to the stabilization of the structure during the firing (calcination) step when the egg white's proteins begin to decompose at a temperature between 200 and 600°C.
The IR spectra ( Fig. 1 ) and XRD diffractograms (Fig. 2 ) show that the calcined parts at 1200°C kept their chemical composition as a single phase of hydroxyapatite and showed no decomposition even with adding 1 wt% of montmorillonite as a reinforcing agent.
The densities and the pore volumes of the solid blocks were determined by measuring their apparent weight and volume before and after firing (calcination). The result shown in Table 1 reveal a decrease in the density of the solids after the heating due to the evaporation of the organic compounds giving a large volume of porosity of 86%vol.
After processing the SEM image with ImageJ software, the obtained pore size was from 3 to 600 μm (Fig. 10 ) which is centered in 230 μm. The ratio of micro-to macropores in the final ceramic foam may be adjusted to a certain extent by controlling the suspension viscosity [32] .
The microstructure of ceramics obtained with egg white could be explained by the following mechanism:
The egg white is heterogeneous in nature, composed by a mixture of water (90%) and protein (10%) connected by hydrogen bonds. When the stirring of the egg white becomes higher, the weakest hydrogen bonds are broken [33] . Then, the protein unfolds and becomes a long chain of amino acids. Therefore, the air is entrapped by the protein and when they meet other protein and water molecules, they could bind bridges with them making a network of stable foam as it is described in Fig. 11b . The porous structure in the final ceramic comes from the incorporation of the air bubbles generated and entrapped during the mixing when stirred [34] : the introduction of air bubbles in water does not foam water on itself, but it has an effect on the egg white protein during the stirring. The protein unfolds and attaches around air bubbles retaining the water and preventing air to escape [32, 34] . With high stirring speed, stable pseudohomogenous hydroxyapatite slurry was obtained as shown in Fig. 11a .
The prepared mixture was poured into a cylindrical silicone mold. Then, the mixture was dried at 80°C to eliminate the surface water and to initialize the egg white consolidation. This favors the coagulation of egg white (Fig. 7) . Thanks to the organic chains, and the hydrophilic character of the albumin, the HAP particles are bonded to each other, while the air bubbles are trapped between them. Increasing the temperature to 600°C, the egg white protein is eliminated, which leads to the formation of the pores clearly visible by the naked eye as well as by the scanning microscope as shown in Fig. 8 .
The ability of the egg white to bond the hydroxyapatite particles together allows the creation of walls between them. When the solid blocks are calcined at 600°C, these walls lose the organic matter that they contain, leaving microspores that promote the connection of the macropores as described in Fig.  12 . The moderate calcination at 1200°C favors the consolidation of the porous parts, since the elimination of the organic phase at 600°C makes the mechanical texture of the blocks weaker. As it was confirmed by the SEM images (Fig. 8) , the microstructure of prepared blocks was similar to the trabecular bone in terms of composition, porosity, and interconnectivity. The surface of the porous bodies was rough, favoring cellular adhesion and the growth of the bone [23, 35, 36] .
Conclusion
In this study, a stoichiometric hydroxyapatite (Ca 10 (PO) 6 (OH) 2 ) was successfully prepared with the neutralization method; the composition analysis of those material showed the absence of any other component than the hydroxyapatite.
The foaming method had successfully allowed to a fully porous structure using egg white as non-toxic pore promoter. The control of the foam stability by optimizing the concentrations of the solid loading, the dispersant agent, and of the foaming agent leads to porous ceramics with a total porosity of 86 vol%, having pore sizes from 3 to 600 μm with high macroporous interconnectivity and microporous walls. The addition of the montmorillonite clay in the colloidal suspension allowed maintaining the microstructure during the consolidation cycle and to a good mechanical stability of the sintered parts.
